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Following the recent discovery of large magnetoresistance at room temperature in polyfluorence
sandwich devices, we have performed a comprehensive magnetoresistance study on a set of organic
semiconductor sandwich devices made from different pi-conjugated polymers and small molecules.
The measurements were performed at different temperatures, ranging from 10K to 300K, and at
magnetic fields, B < 100mT . We observed large negative or positive magnetoresistance (up to 10%
at 300K and 10mT) depending on material and device operating conditions. We compare the results
obtained in devices made from different materials with the goal of providing a comprehensive picture
of the experimental data. We discuss our results in the framework of known magnetoresistance
mechanisms and find that none of the existing models can explain our results.
PACS numbers: Valid PACS appear here
I. INTRODUCTION
Organic pi-conjugated materials have been used to
manufacture devices such as organic light-emitting
diodes (OLEDs) [1], photovoltaic cells [2] and field-effect
transistors [3]. Recently there has been a growing
interest in spin [4, 5, 6] and magnetic field effects
[7, 8, 9, 10, 11, 12, 13, 14] in these materials. During the
study of sandwich devices made from the pi-conjugated
polymer polyfluorene (PFO) we recently discovered
a large and intriguing magnetoresistive (MR) effect,
which we dubbed organic magnetoresitance (OMAR).
OMAR may find application in magnetic field sensors,
e.g. in OLED interactive displays (patent pending)
[8]. To the best of our knowledge, this work was
the first to actually demonstrate room-temperature
MR in organic semiconductors with a magnitude and
signal to noise ratio sufficient for application. Here, we
report a comprehensive MR study in both polymer and
small molecular sandwich devices in order to complete
a basic magnetotransport characterization of these
systems. In the following we present a large body of
experimental data we have collected to characterize the
MR effect in different polymers, namely PFO, regio-
regular Poly(3-hexylthiophene-2,5-diyl) (RR-P3HT),
regio-random Poly(3-octylthiophene-2,5-diyl)(RRa-
∗Electronic address: markus-wohlgenannt@uiowa.edu
P3OT), Poly(5,8-diethynyl-2,3-diphenylquinoxaline)
(organic PPE), Pt-containing Poly(5,8-diethynyl-2,3-
diphenylquinoxaline) (Pt-containing PPE) as well
as small molecules such as Tris-(8-hydroxyquinoline)
aluminium (Alq3) and Pentacene.
II. EXPERIMENTAL
PFO was purchased from American Dye Source, inc..
Alq3 was purchased from H. W. Sands Corp. RR-P3HT,
RRa-P3OT and Pentacene were purchased from Sigma
Aldrich. The 5,8-diethynyl-2,3-diphenylquinoxaline unit
and its Pt-containing polymer were prepared according
to published procedures [15, 16]. The organic poly-
mer was synthesized by palladium-catalyzed polyconden-
sation of 1,4-bis(n-octyloxy)-2,5-diiodobenzene and 5,8-
diethynyl-2,3-diphenylquinoxaline in a 1:1 ratio. The
fabrication of the organic sandwich devices started
with glass substrates coated with 40nm of ITO, pur-
chased from Delta Technologies. The conducting poly-
mer Poly (3,4-ethylenedioxythiophene)-poly (styrenesul-
fonate) (PEDOT:PSS), purchased from H. C. Starck was
spin coated at 2000 rpm on top of the ITO in some de-
vices to provide an efficient hole injecting electrode. All
other manufacturing steps were carried out in a nitrogen
glove box. The active polymer film was spin coated onto
the substrate from a chloroform solution. The semicon-
ductor film thickness was varied by using different con-
centrations of polymer solution (5 - 30 mg/ml). The
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FIG. 1: Magnetoresistance, ∆R/R curves, measured at room
temperature in an ITO/PEDOT/PFO (≈ 100 nm)/Ca device
at different voltages. The inset shows the device resistance as
a function of the applied voltage.
small molecular film layers were made by thermal evap-
oration. A Ca cathode followed by capping layer of Al
were then deposited by thermal and electron beam evap-
oration, respectively at a base pressure less than 1×10−6
mbar on top of the organic thin films. The general device
structure used for our measurements was metal/organic
semiconductor/metal. We studied both soxhlet purified
RR-P3HT and as received RR-P3HT. The initial soxh-
let purification step was performed for 8-12 hours using
hexane to remove low molecular weight components. The
second step was performed for 24 hours using methanol
to remove metallic impurities. The third step was per-
formed for 8-12 hours using chloroform to dissolve the
pure polymer. A roto-vap was used to separate the poly-
mer from the solution.
The samples were mounted on the cold finger of a
closed-cycle He cryostat located between the poles of the
electromagnet. MR was determined by measuring the
current at a constant applied voltage for different mag-
netic fields, B.
III. EXPERIMENTAL RESULTS
A. Organic Magnetoresistance in polymer devices
1. Polyfluorene Devices
We originally discovered OMAR in PFO sandwich de-
vices [8]. OMAR in PFO is treated in detail in the orig-
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FIG. 2: Magnetoresistance, ∆R/R curves, measured at 200K
in an ITO/PFO (≈ 60 nm)/Ca device at different voltages.
The inset shows the device resistance as a function of the
applied voltage.
inal publication [8], here we show only the room tem-
perature data. This data is shown in Fig. 1 for different
applied voltages. We summarize the findings of our pre-
vious work: • We observed that OMAR curves are inde-
pendent of the angle between film plane and the applied
magnetic field and also the sign of the magnetic field. •
We found that the measured OMAR effect does not criti-
cally depend on the choice of the top electrode (cathode)
materials. This indicates that the observed OMAR ef-
fect is due to hole transport since it occurs also in hole
only devices, namely those with Au cathodes where only
very weak electroluminescence is observed. • We fabri-
cated devices with different polymer film thickness and
found that the observed OMAR effect was similar in all
devices independent of PFO film thickness (except for
an increase in turn on voltage). This clearly suggests
that this MR effect is a bulk effect rather than an inter-
face (electrode) effect. • We found that OMAR in PFO
strongly depends on the choice of anode material. In
particular, using PEDOT as the anode results in a sig-
nificant reduction in the onset voltage and an increase in
the observed OMAR effect. The reduced onset voltage
and increased MR can be rationalized considering the
decrease in the hole-injection barrier and the resulting
reduction of the interface resistance. • In Fig. 1 it can be
seen that ∆R/R typically increases in magnitude with
increasing R. • We found that the OMAR effect is not
related to (unintentional/intentional) impurities, such as
left over catalysts from the polymerization reaction. El-
emental analysis (performed by ADS) of our ADS PFO
3showed signals only for Ni impurities at levels less than 20
ppm. In addition to that, we also tried several batches
of PFO with different Ni contents (21, 177, 683, 3460
and 8840 ppm) and all measurements showed that there
is no significant dependence of the MR effect on the Ni
impurity concentration.
In Fig. 2 we also show measured OMAR curves in
an ITO/PFO(≈ 60nm)/Ca device. We found that the
ITO/PFO interface is less suitable for hole injection than
the PEDOT/PFO interface; resulting in a large increase
in turn-on voltage of the device. The measurements have
been performed at 200K to reduce thermal drift. Impor-
tantly, we also observed positive MR [9] in the ITO anode
device at high applied voltages. This shows that OMAR
may be either negative or positive, dependent on device
parameters and operating conditions.
2. Regio-Regular and Regio-Random Polythiophene Devices
Next we extend our study to include RR-P3HT and
RRa-P3OT. In contrast to PFO, RR-P3HT and RRa-
P3OT do not contain benzene rings. RR-P3HT was se-
lected due to its high mobility among polymers and its
well known usage in transistors, smart pixels and opto-
electronic devices [17, 18, 19]. The reason for the high
carrier mobilities in transistors is the self-organization of
RR-P3HT chains resulting in a lamellae structure per-
pendicular to the film substrate [17, 20]. Delocalization
of the charge carriers among the lamellae has been in-
voked to be the reason for the high interlayer mobil-
ity, with values reported as high as 0.1 cm2V−1s−1 [17].
RRa-P3OT, which has a similar chemical structure as
RR-P3HT, has a lamellae structure to a lesser degree
and the carrier mobility is consequently much smaller,
around 10−4 cm2V−1s−1 [17, 20].
Fig. 3 shows measured OMAR traces as a function of
temperature in an ITO/PEDOT/RR-P3HT/Ca device.
The magnitude of the observed OMAR effect is small
(less than 1.5 %). The data shows that the OMAR effect
can be both positive and negative in RR-P3HT, mostly
dependent on temperature. At room temperature, the
OMAR effect is completely positive, whereas at 100K
the effect is negative. At 200K, a transition from pos-
itive to negative MR occurs as the voltage increases in
RR-P3HT. A similar transition occurs in PFO when the
voltage is decreased. This intriguing behavior may hold
a clue for identifying the mechanism responsible for the
MR effect. We studied both soxhlet purified RR-P3HT
and as received RR-P3HT. We did not find any signifi-
cant difference between the two samples. This supports
our conclusion from the experiments in PFO devices that
OMAR is not caused by impurities.
We observed only negative OMAR traces in
ITO/PEDOT/RRa-P3OT/Ca devices, shown in Fig. 4,
at all temperatures spanning the range between 10K
and 300K. The data measured in RRa-P3OT is noisier
than in RR-P3HT, presumably because of the increased
disorder and lower purity of the RRa-P3OT polymer.
The magnitude of the measured OMAR effect was found
to be significantly higher than that of the RR-P3HT
device. Therefore increasing disorder appears to enhance
the OMAR effect.
3. Polyphenylene ethynelene (PPE) and Pt-containing
PPE: the influence of spin-orbit coupling
We studied OMAR in two pi-conjugated polymers con-
taining triple bonds, namely i) the Pt-containing polymer
shown in Fig. 5, and ii) a very similar polymer without
Pt shown in Fig. 6. The heavy Pt atom introduces rel-
atively strong spin-orbit coupling [21] and the spin ori-
entation ceases to be a good quantum number. It was
shown previously that the Pt atom does not interrupt
the conjugation [21, 22]. We studied these polymers to
examine a possible interdependence between spin-orbit
coupling and the OMAR effect.
Figs. 5 and 6 show OMAR traces measured in
ITO/PEDOT/Pt-PPE/Ca and ITO/PEDOT/PPE/Ca
devices, respectively, measured at different temperatures.
It is seen that the OMAR effect is positive and is quite
similar at all temperatures for both polymers. We there-
fore obtain the result that spin-orbit coupling has appar-
ently little effect on OMAR. This in turn suggests that
OMAR is not related to spin but is likely related to an or-
bital effect. However, more future work, e.g. on oriented
polymer films, is necessary to confirm this conclusion.
B. Organic Magnetoresistance in small molecule
devices
Having demonstrated OMAR in polymers, it is natu-
ral to ask whether OMAR also exists in small molecules,
e.g. the prototypical small molecule Alq3. This extension
would be highly relevant both from an application as well
as a scientific point of view. Whereas polymers are quasi-
one-dimensional, Alq3 corresponds more to quasi-zero-
dimensional. Whereas PFO and most other pi-conjugated
polymers are hole-conductors, meaning that the hole mo-
bility greatly exceeds that for electrons [23], Alq3 is an
electron transporter [24]. In addition, in polymers it
was found that the interaction cross sections between
electrons and holes are spin-dependent [4, 21], whereas
they were found to be spin-independent in Alq3 [25, 26].
Therefore it is non-trivial that OMAR would occur in
Alq3 even if it occurs in polymers.
A detailed study of the OMAR effect in Alq3 devices
can be found in the original publication [10]. Here only
the room temperature data are shown in Fig. 7. It can
be seen that a large OMAR effect can also be achieved in
small molecules. After a summary of our previous results
in Alq3, we will extend our study in small molecules to
include pentacene. • As in PFO, the effect is indepen-
dent of the sign and direction of the magnetic field, and
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FIG. 3: Magnetoresistance, ∆R/R curves (both positive and negative) in an ITO/PEDOT/RR-P3HT(≈ 100nm)/Ca device
measured at different temperatures (100K, 200K, and 300K). The insets show the device resistance as a function of the applied
voltage.
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FIG. 5: Magnetoresistance, ∆R/R curves in an ITO/PEDOT/Pt-PPE/Ca device measured at different temperatures (10K,
100K, 200K, and 300K). The insets show the device resistance as a function of the applied voltage.
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FIG. 7: Magnetoresistance, ∆R/R curves, measured at room
temperature in an ITO/PEDOT/Alq3(≈ 100nm)/Ca device
at different voltages. The insets show the device resistance as
a function of the applied voltage.
shows only a weak temperature dependence. • In distinc-
tion to our results in polymers, we found that both I-V
and OMAR responses critically depend on the choice of
electron-injecting cathode material. Ca cathodes result
in low onset voltage and large OMAR response, whereas
using Al results in a drastic increase in onset V and de-
crease in OMAR magnitude at small currents. The sit-
uation is even more drastic when using a Au cathode.
The increased onset voltage and decreased OMAR can
be rationalized considering the increase in the electron-
injection barrier and the resulting increase of the inter-
face resistance, respectively, when using high work func-
tion cathodes (Ca has the lowest work-function, followed
by Al, whereas Au has one of the largest work functions).
This strong dependence of OMAR in Alq3 on the choice
of cathode material was to be expected since the hole
mobility is about 100 times smaller than the electron
mobility [24] in Alq3. • In Ref. [10] we also examined
the magnetic field effect on the electroluminescence and
electroluminescence efficiency. We found that most of
the magnetic field effect (MFE) on the electrolumines-
cence is simply a result of the MR effect, since a change
in current trivially implies a change in electrolumines-
cence intensity. However, even when running the device
at a constant current, a small but non-zero MFE remains
that may be attributable to an MFE on the emission ef-
ficiency of the device. Here we note that all the prior
work on MFE [7, 11, 12, 13] we know of assumed that
the magnetic field affects the emission efficiency directly,
whereas the MR effect was largely neglected.
Fig. 8 shows the temperature dependence of OMAR in
an ITO/PEDOT/Pentacene/Ca device. OMAR in the
pentacene device is much smaller compared to the Alq3
device. The picture of OMAR in pentacene is relatively
complex. We found that OMAR can be positive or nega-
tive at 10K, 200K and 300K. At these temperatures the
transition from positive to negative MR occurs as the
bias voltage increases. OMAR at 100K follows however
a different trend. The effect was negative at all biases
studied, with the smallest bias giving the largest nega-
tive effect.
IV. DISCUSSION
A. Universality of the OMAR effect
Fig. 9 shows normalized ∆R/R traces of all the tested
devices at room temperature. The normalization was
done with respect to the magnitude of the OMAR effect
at 50mT. It is seen from the figure that there are two
groups of OMAR traces in organic semiconductor mate-
rials. One (pentacene, RR-P3HT and RRa-P3OT) where
the OMAR effect has saturated at 50mT and the other
(PFO, Alq3, Pt-PPE and PPE) where the effect is still
unsaturated. The functional dependence of the OMAR
effect was found to be similar in devices within a group.
This is very surprising, since the chemical structure of
these materials are quite different and therefore one ex-
pects them to possess varying materials parameters such
as transport properties. The ”universality” of the OMAR
effect therefore implies that the explanation for the origin
of OMAR must be quite general and simple.
B. Discussion of possible mechanisms
We discuss possible mechanisms that could explain
the observed OMAR effect. To the best of our knowl-
edge, the mechanism causing OMAR is currently not
known. Most MR mechanisms rely on the presence of
ferromagnetic materials and are therefore not applica-
ble to our devices. We are familiar with the following
mechanisms that cause MR in nonmagnetic materials:
(1) Classical magnetoresistance, (2) hopping magnetore-
sistance [27], (3) electron-electron (e-e)interaction [28],
and (4) weak localization [29]. Classical magnetoresis-
tance (due to Lorenz force), results in positive MR due
to the fact that the applied magnetic field causes the
electrons to go around circular orbits with the cyclotron
frequency and hence the orbital motion increases resis-
tance. This means that classical MR is always a positive
effect with a magnitude on the order of µ2B2. Using
a typical value for the mobility, µ ≈ 10−4, we estimate
∆R/R ≈ 10−20 at B ≈ 10mT for classical MR. The clas-
sical MR is therefore much too small to explain OMAR
at similar fields. In hopping magnetoresistance, an ap-
plied magnetic field shrinks the electron wave function
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and this reduces the overlap between hopping sites lead-
ing to an increase in resistance of the system resulting in
a positive MR effect. The size of this effect is only ap-
preciable if the magnetic length, λ is comparable to the
hopping distance. In our case, λ (=
√
~/eB, where ~ and
e have their usual meaning) is around 200nm at 10mT
which is much bigger than the hopping distance, which
we estimate to be ≈ 10nm. At lower temperatures or
in highly disordered system, corrections to the transport
due to e-e interaction become important. This is mainly
due to the fact that carriers interact often when they
diffuse slowly or when the system is highly disordered.
It can be shown that the e-e interaction is modified in
the presence of the magnetic field, however this occurs
only if the thermal energy, kT, is less than or compara-
ble to the Zeeman energy, ∆E = gµBB where g is the
g-factor and µB is the bohr magneton. In our case, g
is approximately 2 and ∆E is around 1µeV at a field of
10mT and therefore much smaller than kT in our exper-
iments. Therefore this mechanism also fails to explain
OMAR. Weak localization (WL) due to quantum correc-
tions to the Drude-like transport is another mechanism
for MR. This mechanism is very well known from the
study of diffusive transport in metals and semiconductors
[29, 30, 31]. It is based on back scattering processes due
to constructive quantum interference. When a magnetic
field is applied to the system, the quantum interference is
destroyed by the magnetic field if the phase-delay due to
the enclosed magnetic flux exceeds the coherence length.
Therefore the resistivity is decreased (negative MR ef-
fect). In WL theory, it is assumed that the spin-orbit
coupling is weak. A strong spin-orbit coupling would
cause weak anti-localization (WAL) leading to a positive
MR effect due to destructive quantum interference.
Mechanisms (1) to (3) lead to only positive MR,
whereas OMAR can also be negative. This implies that
the observed MR should not be due to either (1),(2)
or (3). Interestingly we note that the observed OMAR
traces closely resemble MR traces due to weak local-
ization (WL, negative MR) and weak antilocalization
(WAL, positive MR). This might tempt us to analyze
the MR data using the theory of weak localization. Such
an attempt, however produces several surprising results
that casts some doubt on this interpretation. For ex-
ample, the weak temperature dependence of the effect
is contrary to most if not all of the literature on WL
and WAL in inorganic conductors. The interested reader
may refer to our earlier work on the Los Alamos preprint
server [9].
Frankevich and co workers [32, 33] have shown that
lifetimes of pairs of paramagnetic species (such as elec-
trons and holes), which may be in singlet and triplet
states, are very sensitive to external magnetic fields
within the range of hyperfine interaction. In general,
models involving pairs of electrons and holes appear
promising since typical magnetic dipole fields between
pairs of electrons and holes can be expected to be on
the order of 10mT . However, it is not quite clear how
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the pairing mechanism should occur in hole-only devices,
such as the Au-cathode PFO devices we studied. One
might also expect that this mechanism should depend
strongly on the carrier density, whereas OMAR is only
weakly dependent on current density. In particular, in-
tersystem crossing between singlet and triplet electron-
hole pairs resulting from hyperfine interaction have often
been employed to explain the MFE on the electrolumi-
nescence in organic devices [11, 13]. In this model, the
external magnetic field results in Zeeman splitting. If
the Zeeman splitting exceeds the hyperfine interaction
strength (this typically occurs at B ≈ 1mT ), then mix-
ing between singlets and the two extremal Zeeman levels
is no longer possible, therefore the intersystem crossing
rate is reduced. However, our observation that OMAR
traces are unchanged in Pt-containing PPE compared to
those in PPE, implies that this model cannot account for
OMAR. This is because the heavy Pt atom leads to an
intersystem crossing rate that is very much stronger than
that due to hyperfine interaction. Therefore much larger
B should be required to prevent mixing between singlet
and triplet levels as a result of the Pt-atom.
It therefore appears that a novel explanation for the
observed MR effect needs to be found. This could lead to
a better understanding of the transport processes in or-
ganic semiconductors. Follow-up experiments performed
on current-in-plane devices, and in devices using crys-
talline or oriented organic semiconductors will likely pro-
vide further clues to the origin of the OMAR effect.
V. CONCLUSION
In summary, we studied a recently discovered MR ef-
fect in various different pi-conjugated polymer and small
molecular thin film devices. In PFO devices we found
that the magnitude of the effect is ≈ 10% at fields on
the order of 10mT and can be either positive or nega-
tive, depending on operating conditions. The effect is
also independent of the sign and direction of the mag-
netic field, and is only weakly temperature dependent.
The OMAR effect appears to be a bulk effect related to
the hole current. We also studied RR-P3HT and RRa-
P3OT pi-conjugated polymers to study the effect of or-
der/disorder on OMAR. We found that the magnitude
of the measured OMAR effect of RRa-P3OT device was
higher than that of the RR-P3HT device. This might
suggest that increasing disorder appears to enhance the
OMAR effect. We also studied PPE and Pt-containing
PPE polymers to check for a possible interrelation be-
tween spin-orbit coupling and the OMAR effect. We
found that spin-orbit coupling has apparently little effect
on OMAR. We also extended our study to small molec-
ular devices. We observed a large OMAR effect in Alq3
devices that is similar in size to that in the PFO devices.
As in polymers, the effect is independent of the sign and
direction of the magnetic field, and is only weakly tem-
perature dependent. However, the OMAR effect in Alq3
appears to be dominated by the electron current. For
pentacene devices, we observed both negative and posi-
tive OMAR effect, whereas we observed only a negative
effect in the Alq3 devices. Strikingly, we found that the
functional dependence of the OMAR effect on B was very
similar in all devices we studied. The universality of the
OMAR effect therefore implies that the explanation for
the mechanism must be quite general and simple. To the
best of our knowledge, this effect is not adequately de-
scribed by any of the MR mechanisms known to date. It
may therefore be related to the peculiar mode of charge
transport in organic semiconductors, a field that still rel-
atively little is known about. If one could find an expla-
nation for this effect, this may lead to a breakthrough in
the scientific understanding of organic semiconductors.
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